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Drying curvesAbstract Drying as preservation technique is an old process involving simultaneous heat and mass
transfer resulting in reduction of moisture to lower water activity levels. The removal of unbound
moisture by dehydration lowers down the water activity levels. Present study determines the effect
of microwaves on dehydration characteristics (operated at 2450 MHz) of carrot shreds at different
intervals of time (1, 2 and 3 min). The microwave treatment resulted in decrease of overall dehydra-
tion time with higher treatment time combination decreasing it more profusely than lower treatment
time combination. The decrease in dehydration time after three minutes of microwave treatment
followed by drying at 50, 60 and 70 C temperatures was approximately 18, 35 and 48%, respec-
tively with respect to untreated carrots. The experimental data points were ﬁtted to different math-
ematical models for determining the best ﬁt model for the process. Experimental values were
proﬁciently ﬁtted by page model as evident from its higher R2 and lower RMSE (Root Mean Square
Error) values. Imparting microwave treatment to shreds provided stimulus for increasing the drying
rates. Effective moisture diffusivity was lowest for untreated carrot shreds and highest for 3 min
treated shreds. Activation energy of drying process by virtue of microwave application decreased
from 36.31 to 14.24 kJ/mol.
 2016 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is
an open access article under theCCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Carrot (Daucus carota) an important member of Apiaceae fam-
ily is grown throughout the different geographical regions of
globe predominantly in temperate areas. The root is princi-
pally known for its carotenoid presence particularly a and b
carotene functioning as provitamin A precursors (Van Vliet
et al., 1996). Carrots of different colors are present worldwide
and the crop is among few agricultural products with such
color diversity ranging from ancient black to modern redk carrot.
2 R.-u. Haq et al.and orange (Prasad et al., 2016). Black and purple colored car-
rots are regarded as one of the oldest form of carrot roots with
abundance of anthocyanin pigments. Like other fruits and veg-
etables carrots belong to high moisture foods (approx. 90%)
rendering them more susceptible to postharvest losses (Haq
and Prasad, 2015). Drying is an effective and economical
preservation technique that reduces moisture content to signif-
icantly lower levels thereby making its availability different for
various microbes allied with food spoilage. However the
uncontrolled operation can degrade the quality beyond repara-
tion. Dehydration minimizes chances of physical, chemical and
biochemical changes within foods thereby increasing overall
shelf life by considerable periods of time (Doymaz and Pala,
2003). Drying is a two stage operation involving constant
and falling rate periods with vaporization and evaporation
functioning as the main processes of moisture removal during
the former process (Maroulis et al., 1995; Mujumdar, 2014).
Constant rate period is characterized by maintaining a persis-
tent sample temperature equivalent to its wet bulb whereas the
main dehydration process is known to take place in relative
longer time periods designated as falling rate period associated
with increasing sample surface temperature (Hallstrom et al.,
2007). Both conduction and convection function as heat trans-
fer mechanisms in drying and development of variation among
concentration gradients is the most acceptable theory deﬁning
the process; however, exact mechanism still remains a mystery
(Araya-Farias and Ratti, 2009; Dandamrongrak et al., 2002).
Dehydration kinetics of agricultural produce predicts the
time temperature combination of drying operation that can
envisage minimum quality losses. Moreover the process also
ﬁnds use in designing the drier and creating simulation of
the operation. Hot air dehydration with forced convection is
by far the most important and commonly used drying opera-
tion to food materials. Product shrinkage due to simultaneous
heat and mass transfer is a characteristic feature of the process
(Chirife, 1983) that cuts down handling, transportation and
packaging costs. Convection air drying of solid foods materials
causes moisture diffusion to surface from inside, vaporization
of surface moisture by convection, heat transfer into solid
matrix by conduction, and heat transfer by convection from
hot air to food surface (Maroulis et al., 1995). Theoretical,
empirical and semi theoretical drying models have been
derived with ﬁrst and second taking into account only diffu-
sion mass transfer and external resistance of moisture transfer.
Semi theoretical models derived from Fick’s second law of dif-
fusion are mainly used to predict a drying process in falling
rate period of dehydration (Sablani et al., 2000; Srikiatden
and Roberts, 2006; Doymaz, 2006). Activation energy along
with the effective diffusivity is among prerequisite parameters
necessary during design, analysis and optimization of dehydra-
tion operation (Aghbashlo et al., 2008; Feng et al., 2000).
Electromagnetic waves whose frequencies range from
300 MHz to 300 GHz are termed as microwaves (Decareau,
1985) and volumetric heat generation (developing heat from
absorbed microwaves) is its characteristic feature (Mullin,
1995) leading to quicker heating rates (Gowen et al., 2006).
Quick heating of food materials inactivates enzymes more
readily and elevates sample temperature that enhances its
dehydration characteristics. Manickavasagan et al. (2006)
reported that a temperature of 72.5–117.5 C was generated
by microwave treatment of grains at ﬁve different power levels.Please cite this article in press as: Haq, R.-u. et al., Eﬀect of microwave treatment on
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treatment and temperature on drying time and drying rate of
Asiatic black carrots treated with microwaves. Effective diffu-
sivity and activation energy of the carrots was also evaluated
from Fick’s second law of diffusion and Arrhenius equation,
respectively.
2. Materials and methods
2.1. Material preparation
The carrots used in current study were procured from the
Kashmir valley situated within the Pirpanjal ranges of Himala-
yan region. The carrots were cleaned by potable water and its
hairs and crows were removed by a sharp edged stainless steel
knife. A stainless steel hand shredder was used for the develop-
ment of shreds of approximately 5  4  40 mm
(width  thickness  length) dimensions. Equal known quan-
tities of prepared shreds were placed in pre-weighed petri-
plates. The petri-plates were divided into four groups: (i) with-
out any treatment and microwave treatment for (ii) 1 min, (iii)
2 min, and (iii) 3 min. Microwave radiations cause polar mole-
cules within a food material to rotate depending upon equip-
ment’s operating frequency and most domestic microwaves
operate at 2.45 GHz frequency with wavelength of 12.23 cm
(Vollmer, 2004). The moisture content of untreated shreds
was determined by hot air oven drying method at 105 C
(AOAC, 1990).
2.2. Experimental method
Three different dehydration temperatures 50, 60 and 70 C
were set for studying drying kinetics in a convective hot air
oven with an air velocity of 0.05 m/s. Both untreated and
microwave treated carrot shreds were placed on wire mesh
trays approximate area of about 0.09 m2 and hanged into the
pre heated oven maintained at a designated temperature.
Weight measurements were taken regularly after intervals of
20 min on Ishida MB-150 digital balanced with an accuracy
of ±0.001 g. The sample trays were removed from the oven
and recorded for weight measurements on tared weighing bal-
ance and whole process was completed within 8 s in order to
minimize temperature ﬂuctuation of sample and drying cham-
ber. Each experiment was completed in triplicates and dried
samples placed in low density polyethylene bags were stored
under refrigerated conditions.
2.3. Mathematical modeling
Mathematical modeling of drying process for different agricul-
tural products provides information about the temperature
prerequisite in the operation. Numerous drying models avail-
able in the literature are derived from Fick’s second law. Dry-
ing models ﬁtted to experimental data are presented in Table 1
with their mathematical form. Moisture content of the samples
in kinetic study is calculated on dry basis that is used to form a
more generalized term, Moisture ratio. Moisture ratio (MR) is
a dimensionless quantity that expresses drying data with
respect to time (t) and is mathematically denoted as following
equation:dehydration kinetics and moisture diﬀusivity of Asiatic Himalayan black carrot.
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Table 1 List of different mathematical models along with their expressions used in current study.
Model name Model equation References
1 Netwon MR= exp(k  t) Demir et al. (2004) and Ayensu (1997)
2 Page MR= exp(k  t2) Bruce (1985) and Chhninnan (1984)
3 Modiﬁed page MR= exp(k  t)2 White et al. (1980,1981)
4 Henderson & Pabis MR= a  exp(kt) Henderson and Pabis (1961) and Rahman et al. (1997)
5 Wang & Singh MR= 1 + a  t + b  t2 Wang and Singh (1978)
6 Verma et al. MR= a  exp(k  t) + (1a) exp(g  t) Verma et al. (1985)
7 Midilli et al. MR= a  exp(k  tn) + b  t Midilli et al. (2002)
Asiatic Himalayan black carrot 3MR ¼ MMe
MiMe ð1Þ
where MR is the moisture ratio, M the moisture content at
time t (dry basis),Me equilibrium moisture content (dry basis),
and Mi initial moisture content (dry basis).
Drying rate (DR) of the samples at each established
temperature was calculated by Eq. (2).
DR ¼MðtþdtÞ Mt
dt
ð2Þ
where M(t+dt) is moisture content at time ‘‘t+ dt”, dt the time
difference and Mt moisture content at time ‘‘t”.
The experimental MR values were regressed along with
drying time by nonlinear estimation tab of Statistica 7.0 soft-
ware through Levenberg-Marquardt algorithm (Doymaz,
2006). To determine the quality of ﬁt to experimental data
three statistical parameters, i.e., coefﬁcient of determination
(R2), RMSE and reduced chi-squared (v2) were evaluated.
Highest R2 values and lowest RMSE and v2 were criteria for
deﬁning the best ﬁt model (Togrul and Pehlivan, 2002; Wang
et al., 2006). Mathematically RMSE and v2 are calculated by
following expression:
RMSE ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
N
XN
i¼1ðMRpre;i MRexp;iÞ
2
r
ð3Þ
v2 ¼
PN
i¼1ðMRexp;i MRpre;iÞ2
N Z ð4Þ
where MRexp,i and MRexp,I are the ith experimental and pre-
dicted moisture ratio respectively, N number of experimental
data points, and z number of model constants.
2.4. Determination of effective moisture diffusivity (Deff) and
activation energy (Ea)
Moisture transfer in form of vapor, molecular and liquid diffu-
sion along with different mass transfer methods are essential
mechanisms to govern effective moisture diffusivity of a food
product (Karathanos et al., 1990). Fick’s second law is the
basis for studying effective diffusion and the following equa-
tion is derived from the theoretical model that deﬁnes diffusiv-
ity for slab geometry (Coulson et al., 1987):
MR ¼ 8
p2
eDtðp=2LÞ
2 þ 1
9
e9Dtðp=2LÞ
2 þ 1
25
e25Dtðp=2LÞ
2 þ   
 
ð5Þ
where L is the half slab thickness (m) and t the time (s).
During sufﬁciently extended dehydration process impor-
tance of terms other than ﬁrst one in Eq. (5) reduces to zilchPlease cite this article in press as: Haq, R.-u. et al., Eﬀect of microwave treatment on
Journal of the Saudi Society of Agricultural Sciences (2016), http://dx.doi.org/10.10thus shortening the equation to following simpliﬁed forms
(Doymaz, 2007; Karina and Guillermo, 2008):
MR ¼ 8
p2
exp
p2Defft
4L2
ð6Þ
Taking log natural to above equation yields following
equation:
lnMR ¼ ln 8
p2
 Deffp
2
4L2
 
 t ð7Þ
Above equation is a form of straight line equation and plot
of ln MR against t forms a straight line from which effective
diffusivity (Deff) can be calculated from its slope (X1) as
follows:
X1 ¼ Deff p
2L
 2
ð8Þ
Calculation of activation energy from Arrhenius equation
is by far the most popular method as it presents consequence
of temperature on diffusivity constant and activation energy
(Eq. (9)).
Deff ¼ DoeðEa=RTaÞ ð9Þ
where Do is the diffusivity constant (m
2/s), Ta the absolute air
temperature (K), Ea the activation energy (kJ/mol), and R the
universal gas constant (8.3143 J/mol K).
Solving Eq. (9) for activation energy by plotting ln Deff ver-
sus 1/Ta yields a straight line with slope (X2) used for calculat-
ing activation energy.
X2 ¼  Ea
RTa
ð10Þ2.5. Statistical analysis
Statistica version 7.0 software, was used for nonlinear regres-
sion analysis of samples using Levenberg-Marquardt algo-
rithm method for lowering down deviations between
experimental and predicted values. The statistical parameters
RMSE and v2 were calculated from sum of square of devia-
tions from mean, while R2 was determined from correlation
coefﬁcient.
3. Results and discussion
3.1. Dehydration kinetics
Both untreated and microwave treated carrot shreds
dehydrated at 50, 60 and 70 C temperature depicted a markeddehydration kinetics and moisture diﬀusivity of Asiatic Himalayan black carrot.
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4 R.-u. Haq et al.difference of reduction in moisture ratio. The change of mois-
ture ratio with respect to time for untreated and microwave
treated carrot shreds at 1, 2 and 3 min is presented graphically
in Fig. 1A–D. The effect of temperature on all the samples was
almost similar with higher temperature reducing moisture ratio
more swiftly than the lower temperature. The moisture ratio
curves of untreated carrot were almost similar to the previous
reports of Haq et al. (2015, 2016). The effect of microwave
treatment had well marked effect on moisture content as seen
in Fig. 1B–D. Increasing microwave treatment had a profound
effect on reducing the moisture content with greater treatment
periods decreasing moisture ratio in comparatively lesser time
periods resulting in the plot of a steeper curves. Microwave
treatment of carrot shreds for 1, 2 and 3 min reduced the dry-
ing time by 17, 34 and 42%, respectively at 70 C. Similar tran-
sitions in drying time were shown at 50 and 60 C temperatures
(Table 2). Production of heat by dipole molecular movements
within the matrix of samples resulted in loss of moisture,
reﬂected more in samples treated at 3 min. The initial high
moisture removal rate from the tissues was followed by the
gradual loss of moisture as observed in untreated shreds.
Drying curves were typical to food dehydration depicting
higher moisture removal rate at ﬁrst that gradually decreases
or passes through a transitional constant rate period. Drying
rate proﬁle (dM/dt) against time (t in min) of untreated and
treated shreds is presented in Fig. 2A–D. Drying of the sam-
ples usually occurs during the falling rate period of dehydra-
tion process and visibility of constant rate period is either
absent or difﬁcult to locate in thin layer drying process due
to unavailability of abundant moisture levels necessary for
maintaining its constant removal rate during the process
(Shi et al., 2008). A constant rate period was visible at lower
temperature as the temperature removes moisture slowly in
comparison with dehydration at higher temperatures that are
associated with high moisture transfer rates. Overall the0
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Figure 1 Moisture ratio curves of untreated and pretreated carrot sh
while B, C and D as microwave treated samples for 1, 2 and 3 min re
Please cite this article in press as: Haq, R.-u. et al., Eﬀect of microwave treatment on
Journal of the Saudi Society of Agricultural Sciences (2016), http://dx.doi.org/10.10moisture removal rate was higher in samples treated for
3 min by microwaves at every corresponding temperature.
Table 2 shows the time needed by each sample at each combi-
nation of treatment time and temperature for drying and hence
to reach the equilibrium moisture content. The samples dried
at 50, 60 and 70 C respectively took 94–82%, 92–65% and
89–58% less dehydration time as of untreated shreds at similar
process conditions due to microwave treatment. The reduction
was higher for shreds treated for 3 min followed by 2 min
treatment. Fenton and Kennedy (1998), Wang and Chao
(2002) and Wang et al. (2006) have also reported shortening
of dehydration time in temperature range of 60 to 70 C in case
of fruits and vegetables. Lower drying times are preferable
modes of dehydration in case of agricultural produce as it
results in lesser thermal degradation. Microwave treatment
of shreds at 2 and 3 min reduced dehydration time approxi-
mately by 1/3 and 2/5 at 60 and 70 C, respectively. Reduction
in drying time enables lesser thermal degradation of the pro-
duct with comparatively better quality characteristics (Haq
et al., 2016).
Values of the three statistical parameters i.e., coefﬁcient of
determination (R2), root mean square error (RMSE) and
reduced chi square (v2) employed for determining the best ﬁt
drying model are presented in Table 3. The selection criteria
for goodness of ﬁt were taken to be highest R2 and lowest
RMSE and v2. Taking a close look of Table 3 Page mode
proved to be the best ﬁt model with highest R2 and lowest
RMSE and v2.
3.2. Effective moisture diffusivity (Deff) and activation energy
(Ea)
Fick’s diffusion law expressed the moisture removal through
diffusion from both treated and untreated carrot shreds. The0
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reds at different temperatures, with A denoting untreated sample
spectively.
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Table 2 Effective moisture diffusivity and activation energy along with drying time of untreated and treated carrot shreds.
Parameter Temperature (C) Untreated Microwave treated
1 min 2 min 3 min
Drying time (min) 50 700 660 620 580
60 520 480 380 340
70 380 340 260 220
Eﬀective diﬀusivity (m/s2) 50 7.3  1011 2.5  1010 2.7  1010 3.4  1010
60 8.8  1011 3.4  1010 3.7  1010 4.1  1010
70 9.9  1011 5.6  1010 4.5  1010 5.1  1010
Activation energy (kJ/mol) 36.31 27.28 18.26 14.23
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Figure 2 Drying rate curves of untreated and pretreated carrot shreds at different temperatures with respect to time, with A depicting
untreated sample while B, C and D as microwave treated samples for 1, 2 and 3 min respectively.
Asiatic Himalayan black carrot 5effective moisture diffusivity and activation energy of samples
calculated from the slope of Eqs. (7) and (9) are provided in
Table 2. The diffusivity values ranged from 2.5  1010 to
9.9  1011 that were in accordance with the values of agricul-
tural products as reported by Zogzas et al. (1996) for different
food products. The values of diffusivity were also in agreement
with the studies of Togrul (2006) and Haq et al. (2016).
Increase in temperature is associated with elevating the diffu-
sivity values of food products (Raﬁee et al., 2010; Aghbashlo
et al., 2011). Rate of diffusion during drying process is directly
proportional to concentration gradient and surface area.
Untreated shreds had the lowest effective diffusivity at each
corresponding temperature (Table 2). The diffusivity values
at each studied temperature were highest for carrot shreds
treated for 3 min. Possible reason may be the treatment pro-
vides the initiation to maintain a higher moisture gradient at
elevated temperatures. Zogzas et al. (1996) have reported thatPlease cite this article in press as: Haq, R.-u. et al., Eﬀect of microwave treatment on
Journal of the Saudi Society of Agricultural Sciences (2016), http://dx.doi.org/10.10variation in material composition, structure, temperature and
moisture content even in same food substance is the main
source of diffusivity deviation.
Arrhenius plot of diffusivity with temperature is the popular
method for calculating activation energy of a material. The plot
involves taking out natural log of effective diffusivity against
absolute temperature (Fig. 3A–D). The range of activation
energy for both untreated and treated forms ranged from
14.24 to 36.31 kJ/mol with increasing temperature decreasing
the values (Table 2). The activation energy of microwave trea-
ted carrot shreds for 3 min decreased by around 61% as com-
pared to untreated shreds. Increased microwave treatment to
the tissues resulted in declining its activation energy by consid-
erable margins. Similar trend of decreasing activation energy of
carrots by applying pretreatments was reported by Haq et al.
(2016). Activation energy of the samples falls within range of
12.7–110 kJ/mol determined by Zogzas et al. (1996) fordehydration kinetics and moisture diﬀusivity of Asiatic Himalayan black carrot.
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Table 3 Parameters for determining goodness of ﬁt as obtained from different models.
Temp
(C)
Untreated Microwave 1 min Microwave 2 min Microwave 3 min
R2 Chi2 RMSE R2 Chi2 RMSE R2 Chi2 RMSE R2 Chi2 RMSE
Netwon
model
50 0.94137 0.00579 0.07500 0.96052 0.00374 0.06025 0.93929 0.00561 0.07470 0.93929 0.00544 0.07470
60 0.96109 0.00294 0.05342 0.97708 0.00161 0.03950 0.96201 0.00268 0.05312 0.96201 0.00259 0.05312
70 0.96429 0.00228 0.04699 0.98764 0.00056 0.02321 0.96520 0.00199 0.04669 0.96520 0.00193 0.04669
Page model 50 0.99190 0.00050 0.02161 0.99469 0.00018 0.01273 0.98062 0.00032 0.02143 0.98781 0.00015 0.02131
60 0.99382 0.00026 0.01529 0.99467 0.00015 0.01148 0.98254 0.00057 0.01511 0.98973 0.00023 0.01499
70 0.99328 0.00027 0.01569 0.99463 0.00012 0.01037 0.98200 0.00039 0.01551 0.98920 0.00079 0.01539
Modiﬁed
page model
50 0.94337 0.00596 0.07500 0.96042 0.00385 0.06025 0.94319 0.00561 0.07482 0.93929 0.00561 0.07470
60 0.96609 0.00303 0.05342 0.97718 0.00166 0.03950 0.96591 0.00276 0.05324 0.96201 0.00268 0.05312
70 0.96929 0.00234 0.04699 0.98796 0.00058 0.02321 0.96911 0.00210 0.04681 0.96520 0.00199 0.04669
Henderson
& Pabis
model
50 0.95933 0.00416 0.06269 0.97215 0.00259 0.04943 0.93929 0.00544 0.07470 0.95524 0.00382 0.06239
60 0.97483 0.00215 0.04504 0.98252 0.00120 0.03353 0.96201 0.00259 0.05312 0.97075 0.00180 0.04474
70 0.97588 0.00177 0.04086 0.98970 0.00046 0.02065 0.96520 0.00193 0.04669 0.97180 0.00142 0.04056
Wang and
Singh
50 0.93929 0.00544 0.07470 0.95633 0.00339 0.05995 0.95524 0.00382 0.06239 0.95633 0.00339 0.05995
60 0.96201 0.00259 0.05312 0.97309 0.00126 0.03920 0.97075 0.00180 0.04474 0.97309 0.00126 0.03920
70 0.96520 0.00193 0.04669 0.98388 0.00021 0.02291 0.97180 0.00142 0.04056 0.98388 0.00021 0.02291
Verma
et al.
50 0.93929 0.00561 0.07470 0.95633 0.00350 0.05995 0.94319 0.00578 0.07482 0.95633 0.00350 0.05995
60 0.96201 0.00268 0.05312 0.97309 0.00131 0.03920 0.96591 0.00285 0.05324 0.97309 0.00131 0.03920
70 0.96520 0.00199 0.04669 0.98388 0.00023 0.02291 0.96911 0.00216 0.04681 0.98388 0.00023 0.02291
Midilli
et al.
50 0.93929 0.00552 0.07470 0.95633 0.00344 0.05995 0.95915 0.00398 0.06251 0.96807 0.00224 0.04913
60 0.96201 0.00263 0.05312 0.97309 0.00129 0.03920 0.97465 0.00197 0.04486 0.97844 0.00085 0.03323
70 0.96520 0.00196 0.04669 0.98388 0.00022 0.02291 0.97570 0.00159 0.04068 0.98561 0.00011 0.02035
y = -4367.2x - 8.6135
R² = 0.9715
-22.2
-22
-21.8
-21.6
-21.4
-21.2
0.0029 0.00295 0.003 0.00305 0.0031 0.00315
Ln
(D
eff
) 
1/Ta
UT
A 
y = -3280.8x - 11.91
R² = 0.9725
-22.2
-22
-21.8
-21.6
-21.4
0.0029 0.00295 0.003 0.00305 0.0031 0.00315
Ln
(D
eff
) 
1/Ta
1min
B 
y = -2196.4x - 15.007
R² = 0.9766
-22
-21.8
-21.6
-21.4
-21.2
0.0029 0.00295 0.003 0.00305 0.0031 0.00315
Ln
(D
eff
) 
1/Ta
2min
C 
y = -1711.7x - 18.032
R² = 0.988
-23.4
-23.3
-23.2
-23.1
-23
0.0029 0.00295 0.003 0.00305 0.0031 0.00315
Ln
(D
eff
) 
1/Ta
3min
D 
Figure 3 Natural log of effective diffusivity plot against absolute temperature for (A) untreated, (B) MW 1 min, (C) MW 2 min and (D)
MW 3 min, respectively, MW-microwave treated.
6 R.-u. Haq et al.different food materials. The higher moisture levels within
untreated shreds needed more energy in comparison to micro-
wave treated ones, hence requiring higher activation energy. An
efﬁcient effective moisture diffusion practice requires breakingPlease cite this article in press as: Haq, R.-u. et al., Eﬀect of microwave treatment on
Journal of the Saudi Society of Agricultural Sciences (2016), http://dx.doi.org/10.10down the activation energy barrier. Higher temperatures read-
ily provide energy necessary for breaching the barrier thereby
increasing overall moisture diffusion and hence improving
drying rates (Madamba, 2003).dehydration kinetics and moisture diﬀusivity of Asiatic Himalayan black carrot.
16/j.jssas.2016.11.004
Asiatic Himalayan black carrot 74. Conclusion
Microwave treatment prior to dehydration process had a pro-
found effect on various dehydration characteristics. In spite of
dehydration temperature the drying time was considerably
reduced at all deﬁned temperatures. The effect of temperature
(comparison of 50 and 70 C) reduced dehydration time by
45.7, 48.5, 58.1 and 62.1% for untreated, and microwave trea-
ted 1, 2 and 3 min shreds, respectively. Increase in drying rate
at higher temperatures was further enhanced by microwave
treatment thereby resulting in higher dehydration rates. Effec-
tive moisture diffusivity had lowest values for untreated shreds
at all mentioned temperatures. Microwave treatment resulted
in an increase from 7.3  1011 to 3.4  1010, 8.8  1011
to 4.1  1010 and 9.9  1011 to 5.1  1010 m2/s for shreds
dehydrated at 50, 60 and 70 C, respectively. Similar effect
on activation energy of carrot shreds due to microwave treat-
ment was observed that decreased by 24.8, 49.7 and 60.8%,
respectively for 1, 2 and 3 min treated shreds in comparison
to untreated form.
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